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Abstract
The potential use of changes in buoyancy as a reactivity feedback mechanism
during temperature transients in heavy liquid metal fast reactors (HLMFRs)
is discussed. It is shown that with the use of ballast pellets (∼15% vol-
ume fraction) introduced in combination with fuel pellets, fuel rods will be
endowed with a reliable self-ejection mechanism that is able to compensate
temperature transients. Utilizing a simpliﬁed model, an estimate of the neg-
ative reactivity insertion expected from this mechanism is derived. The use
of ballast pellets opens up the possibility of introducing greater amounts of
actinides into the core, as well as providing a solution to the classical problem
of positive coolant temperature reactivity coeﬃcients in fast reactors.
Keywords: Heavy liquid metal fast reactors, buoyancy, temperature
transient compensation, Generation IV reactors
1. Introduction
One of the unique features of heavy liquid metal fast reactors (HLMFRs)
with lead or lead-bismuth eutectic coolant is the very high density of the
coolant: the coolant density in HLMFRs is similar to that of the fuel. The
potential use of this feature has either been overlooked by nuclear designers5
or seen as a “nuisance”, and, as a result, preventive measures such as the
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use of tungsten deadweight (ballast) to overcome buoyancy forces have been
proposed [3, 7].
The objective of this study was to assess the potential for exploiting
changes in buoyancy forces as a control mechanism for fuel rod self-ejection10
during HLMFR temperature transients, thereby providing a reliable solution
to the well-established problem of the positive coolant temperature reactiv-
ity coeﬃcient exhibited by sodium fast reactors and also in lead-cooled fast
reactors depending on the size of the reactor core. This concept is expected
to represent a passive safety feature for the system but it does not represent15
at all a control device to be used during reactor normal operation.
The eﬀect of buoyancy forces in HLMFRs as a positive aspect in safety
analysis during a post-accident heat removal scenario was recently investi-
gated by Arias [4]. It was found that, because of the similar densities of the
fuel and the heavy liquid metal (HLM) coolant, an inherent passive safety20
feedback self-removal mechanism governed by buoyancy is developed, pro-
pelling the packed bed away from the wall, and preventing temperatures
that could jeopardize the structural integrity of the vessel being reached,
as well as reducing the re-criticality potential by limiting the allowable bed
depth.25
Thus, it is interesting to consider whether buoyancy forces, rather than
being regarded as a nuisance during nominal operating conditions, can be
harnessed as a mechanism for endowing fuel rods with unique safety proper-
ties only available in HLMFRs. In the sections that follow, this possibility
will be investigated and discussed. However, the reader should be aware that30
the results reported in this preliminary analysis of the proposed concept are
based on idealizations, of the sort which are inevitable in preliminary the-
oretical assessments of concepts, and therefore should not be misconstrued
as deﬁnitive detailed analysis. The ﬁnal verdict about the feasibility of the
proposed concept will only be reached following detailed analysis of the com-35
plexities arising from the proposed solutions, the subject of future work.
Nonetheless, we feel that this preliminary assessment is appropriate at this
time, to encourage (or not) further careful investigation of the idea.
2. Buoyancy forces as a fuel rod ejection mechanism
Fig. 1 illustrates schematically the mechanism we seek to exploit. For the40
envisaged mechanism to work as intended the density of the coolant needs
2
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Fig. 1. Fuel rod ejection by buoyancy forces. Sequence: (1) Insertion of reactivity,
leading to rising temperatures; (2) Due to relative changes in density with temperature,
buoyancy eﬀects act and the fuel rod is propelled upwards; (3) A subcriticality condition
is reached, leading to falling temperatures; (4) Relative changes in density lead to loss of
buoyancy and the fuel rod falls back down; (5) Fuel rod re-enters the core; (6) End of
transient.
to become greater than the eﬀective density of the fuel as the temperature
increases.
Fig. 2 shows the variation of density as a function of temperature for
mixed oxide (MOX) and UO2 fuels and Pb-Bi eutectic and Pb coolants. This45
indicates that the relative changes of HLM coolant and fuel densities with
temperature are not favorable. However, before deciding on the feasibility
of the posited buoyancy mechanism, the fuel densities shown in Fig. 2 need
to be corrected to account for the presence of stainless steel, mostly in the
form of cladding. Thus, to take into account the eﬀect of stainless steel on50
the total density of the fuel, a combined fuel-steel density may be deﬁned as:
ρ¯f = Ffρf + (1− Ff )ρs (1)
where Ff is the volume fraction of fuel and ρf and ρs are the densities of the
fuel and stainless steel, respectively.
For practical purposes, the densities can be approximated as linear func-
tions of temperature:55
ρi = ρi,0 − αiTi (2)
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Fig. 2. Density variations of Pb-Bi eutectic and Pb coolants and MOX and UO2 fuels as
functions of temperature.
where the subscript i denotes the speciﬁc material, for example, i = f for
fuel, c for coolant, s for stainless steel, and ρi,0 is the density of material
i at a temperature of 0 K, αi is the rate of change of density of material
i with temperature, and Ti is the temperature of material i in K. Then,
the combined density given by Eq. (1) can be represented as a function of60
temperatures as:
ρ¯f = ρ¯f,0 − α¯fTf (3)
where
ρ¯f,0 = [Ffρf,0 + (1− Ff )ρs,0] (4)
and
α¯f = (1− Ff )Ts
Tf
αs (5)
where Ts is the average temperature of the cladding and can be calculated
as Ts = Tf − ΔT , with ΔT being the temperature drop between fuel and65
cladding. A typical value of ΔT is ∼200 K. This value has been assumed for
the preliminary calculations in this paper.
From the available data in the literature, the linear relationships for fuels
[17], coolants [16] and stainless steel [12] shown in Table 1 were formulated.
4
All densities are given in kg m−3 for temperatures in K. The corresponding70
relationships are depicted in Fig. 3, where a volume fraction of stainless steel
of 45.6% (from Table 2) was assumed.
Table 1. Assumed density variations with temperature.
Material type Material Equation
Coolant Pb ρPb = 11478.69− 1.32Tc
Coolant PbBi ρPbBi = 11093.71− 1.33Tc
Fuel UO2 ρUO2 = 11122.84− 0.36Tf
Fuel MOX ρMOX = 10657.97− 0.255Tf
Cladding Stainless steel SS-316 ρs = 8077.729− 0.42Ts
Ballast Tungsten ρw = 19300.0− 0.22Tf
Referring to Fig. 3, it can be seen the densities of the HLM coolants
are consistently greater than those of the combined fuel-steel options. Thus,
the desired buoyancy mechanism for self-ejection of a fuel rod will only be75
possible with the use of deadweight or ballast to increase the eﬀective density
of the fuel. The use of such ballast is discussed below.
2.1. The tungsten ballast pellet
Although the use of tungsten as ballast in lead-cooled reactors has been
proposed previously, its application was for a totally diﬀerent purpose: tung-80
sten ballast is located outside the core and used to keep the fuel assemblies
in their designated positions by providing a downward force exceeding the
force due to buoyancy under refueling conditions [2]. In other words, buoy-
ancy forces are not contemplated as the basis of a feedback mechanism but,
rather, they are neutralized over all temperatures by the use of an excess of85
ballast.
The proposed use of tungsten ballast here is with a totally diﬀerent pur-
pose in mind. We want to neutralize buoyancy, but only in the nominal
range of working temperatures of the reactor, and we want buoyancy forces
to appear if the nominal operating temperature range is exceeded, for exam-90
ple during a temperature or power transient. So, by introducing a tungsten
ballast pellet occupying just the right volume within the fuel rod (as depicted
in Fig. 4) we will able to endow the fuel rod with a reliable mechanism for
self-ejection or self-disassembly, as depicted in Fig. 1.
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Fig. 3. Density variations as functions of temperature of Pb-Bi eutectic and Pb coolants
and MOX- and UO2-based fuels with a representative volume of stainless steel cladding.
6
Fig. 4. The ballast pellet concept: by introducing a ballast pellet into the fuel rod it is
possible to harness buoyancy forces to provide negative reactivity feedback.
Our ﬁrst step, therefore, is to derive an expression that allows us to de-95
termine what tungsten ballast pellet fraction will be needed, and our second
step is to establish an initial estimate of the negative reactivity insertion
arising from the consequent fuel rod self-ejection.
First, we need to deﬁne an “eﬀective density” taking into account the
volume fraction occupied by tungsten ballast pellets. Proceeding as in our100
previous analysis, the eﬀective fuel-steel-tungsten density is:
ρf,eﬀ = (1− Fb)ρ¯f + Fbρw (6)
where Fb is the volume fraction of tungsten ballast used and ρw its density.
From our foregoing discussion, Eq. (6) yields the following relationship:
ρeﬀ = ρeﬀ,0 − αeﬀTf (7)
where
ρeﬀ,0 = (1− Fb)ρ¯f,0 + Fbρw,0 (8)
Design considerations dictate that the ballast pellet should be positioned105
at the top or bottom of the fuel element, thereby avoiding thermal stresses
between fuel pellets, and also enabling the ballast pellet to act as a reﬂector
(thanks to the high density of tungsten) and/or as a bottom- or top-cap, as
schematically indicated in Fig. 4. The design of the ballast pellet will also
7
be inﬂuenced by the location of the gas plenum. If the gas plenum is at the110
same end of the fuel element as the ballast, then the ballast pellet should
contain holes to allow the free ﬂow of ﬁssion gas towards the plenum.
Thus, accounting for the contribution due to the expansion of the ballast,
the eﬀective rate of change of density is
αeﬀ = (1− Fb)α¯f + FbTw
Tf
αw (9)
where Tw is the temperature of the ballast at the appropriate location. Be-115
cause of the high thermal conductivity of tungsten (κw ≈ 173 WK−1m−1),
Tw can be assumed to be approximately equal to the local temperature of
the fuel. The fuel temperature falls by around 50% between its maximum
axial value (close to the center of the fuel element) and the outermost axial
levels where the ballast should be placed. Thus, to be on the safe side, a120
conservative preliminary value for the eﬀective ballast temperature is taken
as Tw ≈ 12Tf . In overestimating the temperature of tungsten, we are under-
estimating its density and thus overestimating the volume fraction needed.
From the available literature [12], the density of tungsten ﬁts the relationship
given in Table 1.125
Fuel rod ejection driven by buoyancy will only occur when the eﬀective
density of the fuel becomes lower than that of the surrounding coolant, or:
ρc > ρeﬀ (10)
To progress our analysis, we need an expression connecting the temper-
ature of the fuel with the temperature of the coolant at the same instant
in time. It should be noted, however, that even if the condition given by130
Eq. (10) is satisﬁed, this does not guarantee the feasibility of the proposed
buoyancy mechanism: we must, additionally, be sure that this condition is
accomplished at a power below the critical power that can jeopardise the
structural integrity of the cladding. Thus, it is important to relate the fuel
and coolant temperatures to the power being generated in the fuel. For tran-135
sients in which reactivity  is much lower than the delayed neutron fraction
  β, the resulting reactor period would be considerably longer than the
fuel thermal time constant τ given by [14]:
τ ≈ RfMfcf (11)
8
where Mf and cf are the mass and speciﬁc heat capacity of the fuel, respec-
tively, and Rf is the fuel thermal resistance given by:140
Rf =
1
4πLκf
+
1
2πrgLhg
+
1
2πκsL
ln
(
rs2
rs1
)
+
1
2πrs2Lhc
(12)
where κf is the thermal conductivity of the fuel, L the fuel rod length, rg
and hg are the eﬀective gap radius and heat transfer coeﬃcient, respectively,
rs2 and rs1 the outer and inner cladding radius, respectively, κs the thermal
conductivity of the cladding, and hc the coolant heat transfer coeﬃcient.
It should be mentioned that Eq. (12) refers to the peak fuel temperature145
(centerline or hollow), not to the average fuel temperature. The latter is the
temperature upon which density depends. A correction could be introduced
by multiplying the ﬁrst term in the right-hand side of Eq. (12) by 1
2
[19].
However, the use of a peak fuel temperature, on one hand, results in an
overestimation of the ballast pellet volume, but, on the other hand, in an150
underestimation of the power at which the buoyancy becomes eﬀective. These
eﬀects will be somewhat compensatory, and, in view of the uncertainties in
this preliminary assessment, let us use the peak fuel temperature in our
calculations.
For the case where the reactor period is much longer than τ , the fuel and155
coolant temperatures can be expressed as functions of the power P as [14]:
Tf =
[
Rf +
1
2m˙ccc
]
P + Ti (13)
and
Tc =
1
2m˙ccc
P + Ti (14)
where m˙c is the coolant mass ﬂow rate and heat capacity, respectively; and
Ti the coolant inlet temperature.
Thus, using the equations above, we ﬁnd that the point at which the160
condition given by Eq. (10) is met occurs at a power given by:
P ∗ =
ρc,0 − ρeﬀ,0 − Ti (αc − αeﬀ)
αc−αeﬀ
2m˙ccc
− αeﬀRf
(15)
To better understand the implications of these results, we assume some
typical values for the relevant parameters. For the calculation of the thermal
9
Table 2. Design parameters of the HLMFR core concept considered, from [20].
Parameter Value
Power 600 MWe
Pellet outer radius 3.3 mm
Cladding inner radius 3.4 mm
Cladding outer radius 4.55 mm
Pitch-to-diameter ratio 1.5
Length of upper plenum 100 cm
Length of lower plenum 10 cm
Active pin length 100 cm
Pin-fuel volume fraction 54.4%
Pin-steel volume fraction 45.6%
Average linear pin power 11.5 kWm−1
resistance, we take: κf = 2 Wm
−1K−1, κs = 15 Wm−1K−1; from [15], hg =
5678.26 Wm−2K−1, hc = 34069.58 Wm−2K−1; and, from Table 2, rs2 = 4.55165
mm, rs1 = 3.4 mm, with a core length of L = 100 cm. These result in a
fuel thermal resistance of Rf ≈ 4.39× 10−2 KW−1. For the coolant, we take
cc = 160 JK
−1kg−1. The maximum coolant velocity allowed for lead-based
coolants is in the range 2–3 m s−1 because of issues of erosion [21]. Then,
for the channel dimensions given in Table 2, the coolant mass ﬂow rate is170
m˙c = 2 kg s
−1.
For the average nominal linear pin power, we take a value of 115 Wcm−1,
as in Table 2 [20]. Taking an inlet temperature of Ti = 750 K, corresponding
with a nominal linear pin power of 100 Wcm−1, then results in fuel and
coolant temperatures that vary as functions of linear pin power as shown in175
Fig. 5.
Fig. 6 shows how the densities of Pb-Bi eutectic and Pb coolants will
vary as functions of linear pin power according to these equations along with
the variation of the eﬀective density of MOX (Fig. 6) fuels. In these ﬁgures,
the choice of the fraction of tungsten ballast pellets used was more or less180
arbitrary, with the only purpose being to obtain an estimate of the amount of
ballast needed to stop the transient safely, i.e. to ensure that fuel rod ejection
occurs at a linear power signiﬁcantly smaller than a certain design constraint,
for example, the 472 Wcm−1 limit suggested by Hitachi [8]. However, as will
be apparent to the reader, the nuclear designer has a certain freedom of choice185
10
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Fig. 5. Fuel and coolant temperatures as functions of linear pin power.
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Fig. 6. Densities of coolants and MOX fuel as functions of linear pin power.
11
over the maximum power at which the fuel rod is ejected. If the fraction of
ballast is reduced from the values used in Fig. 6, ejection will start at a lower
linear power, but the system will also become more sensitive to small changes
of temperature.
Next, we need to obtain a ﬁrst estimate of the amount of negative reac-190
tivity insertion caused by the buoyancy-driven ejection of the fuel rod when
the Eq. (10) condition is met. This will be our objective in the next section.
2.2. The negative reactivity insertion
In this section we will provide some ﬁrst estimation on the negative reac-
tivity insertion. This is a diﬃcult calculation to accurately predict. Substan-195
tially uncertainties will be necessary introduced at every step of the analysis
from the unavoidable idealizations required if analytical expressions are de-
sired. If more precise calculation are desired more complex iterative methods
will be required. For example, in view of several uncertainties, the simplest
lumped model for heat transfer to arrive at the buoyancy-driven parameter200
and the terminal velocity seems for preliminary result preferable. But as
mentioned before, this is very approximate and can cause signiﬁcant error
in the prediction of reactivity addition rate and the time scale involved for
the buoyancy-driven mechanism to control the transient. Therefore, the neg-
ative reactivity insertion reported result from idealizations and is therefore205
not intended to typify negative reactivity estimates.
At the moment fuel rod ejection starts the maximum reactivity is given
by
0 = γcΔT (16)
where γc is the (positive) coolant temperature coeﬃcient of reactivity and210
ΔT = Tc − Tc(0) (17)
is the increase in coolant temperature from the initial value Tc(0) to the
temperature Tc when ejection occurs, i.e. at power P = P
∗.
The negative reactivity insertion due to the sudden upward motion of the
fuel rod over a small time-step Δt is:
Δ = −
∣∣∣∣∂∂z
∣∣∣∣
∣∣∣∣∂z∂t
∣∣∣∣Δt = −
∣∣∣∣∂∂z
∣∣∣∣VtΔt (18)
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Fig. 7. The buoyancy-driving parameter B with lead coolant and UO2 fuel as a function
of linear pin power.
where Vt is approximately the terminal velocity of the cylindrical fuel rod,215
given by [13]:
Vt =
√
2gL
Cd
B (19)
where g is the acceleration due to gravity, L is the fuel rod length, Cd is the
drag coeﬃcient, and B is a buoyancy-driving parameter deﬁned as:
B =
√
ρc − ρeﬀ
ρeﬀ
(20)
Using the representative values speciﬁed in the previous section, the rela-
tionship between B and linear pin power for lead coolant and UO2 fuel is as220
shown in Fig. 7.
Now, in suﬃciently slow transients, as soon as the condition given by
Eq. (10) is satisﬁed, there will be a small prompt jump in power, but then the
system will come to equilibrium as the rise in fuel and coolant temperatures
and the increase in B compensate for 0, sending (t) → 0. Thus, neglecting225
the eﬀect of the negative fuel temperature coeﬃcient of reactivity and other
13

    	  
	







Fig. 8. Drag coeﬃcients of blunt-nosed and rounded-nosed cylinders versus ﬁneness ratio
L/2a [10].
negative feedback mechanisms, the new equilibrium power will be given by
[14]:
P (∞) = P ∗ + 2m˙ccc
[
o
γc
]
(21)
Using the power P (∞) we can calculate the coolant and fuel temperatures
from Eqs. (13) and (14) and then their respective densities. This then allows230
us to ﬁnd the value of the buoyancy parameter B given by Eq. (20). For
example, taking ΔT = o/γc ≈ 5 K, we obtain an approximate value for
B ≈ 0.1. The drag coeﬃcient Cd will be between 1.2 for a blunt-nosed
cylinder or 0.2 for a rounded nose, as shown in Fig. 8 [10]. Thus, for an
optimized fuel rod with a rounded end-cap, as depicted in Fig. 9, we can235
assume Cd = 0.2, and with a total fuel rod length (including plenums) of 210
cm (see Table 2), we obtain a terminal velocity of Vt ≈ 1.44 m s−1.
Finally, we need an estimate of the variation of reactivity with the dis-
14
Fig. 9. A possible optimized fuel rod design for a lead or lead-bismuth cooled reactor.
The end-cap is rounded to enhance the ejection velocity.
placement of the ejected fuel rod, i.e. ∂/∂z. Unfortunately, this is a highly
uncertain parameter; its accurate computation requires knowledge of the240
speciﬁc location at which the fuel rod ejection occurs, as well as the spe-
ciﬁc design of the rod. A calculation performed using the SCALE 6 software
[6] for a typical fuel rod channel, using lead as the coolant and reﬂective
boundary conditions surrounding the channel. The use of reﬂective bound-
ary conditions is translate into assuming a homogeneous core in which all245
the elements of the core have ballast pellet and also all are moving which is
within the linear fuel management model in which is assumed that the total
core reactivity is the summation of the reactivity of each element. The use of
this linear model, although admittedly is rather simpliﬁed, nevertheless will
allow to provide with a conservative value of ∂/∂z ≈ −50 pcm cm−1. Then250
using our previously calculated estimate of the fuel rod terminal velocity, we
have a rate of negative insertion on −7200 pcm s−1. Taking a typical posi-
tive coolant temperature coeﬃcient of reactivity to be 0.36 pcmK−1 [20] and
ΔT = 5 K, the time needed for the buoyancy-driven mechanism to control
this transient will be a tiny fraction of a second once the Eq.(10) is met.255
Thus, the foregoing calculations indicate that by using a modest fraction
(∼15%) of tungsten ballast pellets the fuel rod will be endowed with a reliable
self-ejection mechanism during temperature transients. It should be noted
that, in these preliminary calculations, other components of the fuel rod
15
which can reduce its eﬀective density even more were neglected, the most260
important being the gas plenum chambers (if ﬁssion gases are not vented
directly into the coolant). However, the potential reduction in the eﬀective
fuel rod density due to the gas plenums can be compensated by using tungsten
rather than stainless steel for the lower and upper plenums in the fuel rod.
3. Conclusions265
In this paper we explored the possibility of taking advantage of buoy-
ancy forces in heavy liquid metal cooled fast reactors to endow the fuel rod
with a reliable and passive negative feedback mechanism through fuel rod
ejection (a fuel self-disassembly mechanism) during a temperature transient,
compensating the positive coolant temperature coeﬃcient of reactivity that270
some fast reactors feature. It was deduced that, through the use of tung-
sten ballast pellets introduced into the fuel rod design, such a mechanism is
feasible, with the volume occupied by the ballast pellets being less than 15%.
This preliminary assessment was based on unavoidable idealizations, some
conservative and others non-conservative. It should not be misconstrued275
as a deﬁnitive, detailed analysis. Additional R&D is required to further
explore the possibilities of this concept, to seek optimal values for the design
variables, and to determine real practical applicability as details are reﬁned.
Only then will the feasibility of the proposed concept be fully established.
4. Appendix280
•The use of gas plenum.
In our previous calculations, the gas plenum was not taken into account. The
gas plenum length could be typically the same of the active length, and then
an extra fraction of dedicated ballast would be necessary to avoid buoyancy.
Because the density of the ﬁssion gas can be neglected in comparison with285
the ballast, then it is easy to see that the fraction of volume of gas plenum
with ballast required should be ≈ ρc
ρw
where ρc and ρw are the density of
the coolant and the ballast, respectively. Nevertheless, there is an actual
trend to eliminate ﬁssion gas plenums and to vent ﬁssion product gases to
the primary coolant system in a controlled manner,[1],[9]. Venting the fuel290
pins enables deep burnups required to sustain the core, for over 40 years and
greatly reduces the probability of cladding failures. I addition, in lead cooled
and even more in lead bismuth cooled reactors the use of gas plenums and
the retention of ﬁssion gas plenums have been recently questioned,
16
Nomenclature295
B = buoyancy parameter deﬁned by Eq. (20)
Cd = drag coeﬃcient
ci = heat capacity of material i
Ff = volume fraction of fuel
g = acceleration due to gravity300
h = heat transfer coeﬃcient
L = length (of fuel pin or fuel rod)
m˙c = coolant mass ﬂow
Mf = mass of fuel
P = pin power305
P ∗ = pin power at onset of rod ejection
r = radius
Rf = thermal resistance of fuel pin
t = time
T = temperature310
Ti = inlet temperature of coolant
Vt = terminal velocity
z = vertical coordinate
Greek symbols315
αi = rate of change of density of material i with temperature
β = fraction of delayed neutrons
γc = coolant temperature coeﬃcient of reactivity
κi = thermal conductivity of material i
ρi = density of material i320
 = reactivity
Subscripts
c = coolant
f = fuel325
g = gap
s = stainless steel
w = tungsten
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